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Synergistic Effects in the Epoxidation of Mixtures of Styrene and Aliphatic Alkenes 
catalysed by a Cytochrome P-450 Model
Alexander W. van der Made, Marc J. P. van Gerwen, Wiendelt Drenth, and Roeland J. M. Nolte
Department o f  Organic Chemistry , Rijksuniversiteit Utrecht, Padualaan 8, 3584 CH Utrecht, The Netherlands
In competit ive experiments styrene increases the rate of epoxidation of aliphatic alkenes by the mono-oxygenase 
model (/r?eso-tetraphenylporphyrinato)manganese(iii) ch lor ide-sod ium  hypochlorite; this effect is caused by 
phenylacetaldehyde, which is formed as a side-product of styrene epoxidation.
Biomimetic oxidation by single oxygen donors catalysed by 
synthetic metalloporphyrins is an area of active research.1—3 
Recently, we reported on the mechanism of alkene epoxida­
tion by the cytochrome P-450 model (wesote traphenyl-  
porphyrinato)manganese(in) chloride with sodium hypo­
chlorite as oxidant (Meunier system23).3 In competitive 
experiments we observed that styrene increases the rate of 
epoxidation of aliphatic alkenes.3c We now present evidence 
that this rate enhancing effect is caused by aldehydes, which 
are formed as by-products in the epoxidation reaction.
Experiments were performed in a two phase water-di- 
chloromethane system with triethylbenzylammonium chloride 
(TEBA) as phase transfer catalyst.t  Rates were determined 
by measuring the formation of epoxide by g.l.c. Under the 
experimental conditions used, the order in alkene is 0. For 
aliphatic alkenes in non-competitive experiments the order in 
( /nesotetraphenylporphyrinato)  Mn(m) chloride (MnTPP) 
varies between 1 and 0 (Figure 1).
In competitive experiments with styrene (molar ratio of 
aliphatic alkene to styrene 1 :1 )  the epoxidation rate of the 
aliphatic alkene increases and the order in catalyst changes 
from less than one to first order. In order to trace the origin of 
this phenomenon we tested the effect of various additives. We 
found that phenylacetaldehyde, which is formed from styrene 
as a by-product (ca. 2 0 % la’2d), induces a similar change in 
kinetics. O ther  aldehydes (benzaldehyde, propionaldehyde, 
hexanal) also showed this behaviour, although the effects are 
less pronounced (Figure 1). Ketones, e.g. cyclohexanone and 
cyclopentanone, also accelerate the epoxidation reaction. 
Further experiments were performed using phenylacetal­
dehyde or benzaldehyde as additive. The following observa­
tions were made: (i) Without T E B A , no epoxidation takes 
place.The reaction cannot be induced by adding aldehyde, 
indicating that the aldehyde does not act as a phase transfer 
catalyst for OCl~. (ii) Experiments performed with 
cyclohexene (0.626 mol d m -3) to which various concentra­
tions of benzaldehyde (0— 0.623 mol d m -3) were added, 
reveal that the epoxidation rate is first order in aldehyde (Jk\ 
4.2 ±  0.1 x 10~4 s- 1 ; Figure 1 inset). Substitution (4 -N 0 2, 
4-F, 4-Me, 4-MeO) of the phenyl ring of benzaldehyde has 
virtually no influence on the rate of epoxidation of 
cyclohexene. (iii) The rate enhancing effect of the aldehyde 
depends on the steric environment of the porphyrin catalyst 
and decreases in the series MnTPP >  (weso-tetramesityl-
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t  U nless  o therw ise  ind ica ted  the  following reac tion  cond it ions  w ere 
used: [M nT PP] 2.5 x  10- 3 , [T E B A ] 5 x  10~3, [alkene] 0.626, 
[4-m ethylpyrid ine] 1.3 mol d m - 3  in C H 2C12 (vo lum e organic  phase  
0.63 m l), aq u e o u s  N a O C l (2 ml, 0.35 mol d m - 3 , p H  12.7). For  
e x p e r im en ta l  p ro ce d u re s  see ref. 3b.
porphyrinato) Mn(m) chloride (MnTMP) >  \meso-tetra(2,6- 
dichlorophenyl)porphyrinato] Mn(m) chloride (MnTDCP) 
(Table 1). (iv) The aldehyde is partly converted into carboxy- 
lic acid; for the combination benzaldehyde (0.156 mol d m -3) 
and cyclohexene (0.626 mol d m -3) the rates of benzoic acid 
formation and cyclohexene oxide formation are 1.62 ±  0.05 x 
10-5 and 17.4 ±  0.1 x 10-5 mol d m -3 s_1, respectively. In 
separate experiments we found that benzoic acid has no rate 
enhancing effect on the epoxidation of cyclohexene.
We explain these results as follows. In a rate determining 
step, manganese(m) porphyrin reacts with hypochlorite to 
form an oxomanganese(v) porphyrin complex ( l ) . 3d Without 
aldehyde, this complex has two decomposition routes: one 
with alkene to give an epoxide, equation (1), and a second one 
with manganese(m) to form an unreactive dimer, equation 
(2).
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As we have shown previously3*1 equation (2) is much more 
important for sterically unhindered porphyrins (MnTPP) than
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Figure  1. R a te  o f  cyc lohexene  ep o x id a t io n  as a function of [M nT PP] in 
the p resence  o f  s ty rene  (0.313 m,  □ ) ,  p h en y lace ta ld eh y d e  (0.156 m, 
■ ) ,  b en za ld eh y d e  (0.156 m,  O ) ,  and  w ith ou t  additive ( • ) .  Inset: ra te  
of cyclohexene  ep o x id a t io n  as a function  o f  [benza ldehyde].  For  
reac tion  cond it ions  see fo o tn o te  t .
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Table 1 . R a te  o f  cyclohexene epox ida tion  by m anganese  porphyrin  
catalysts in the p resence  and  absence  of p h en y lac e ta ld eh y d e .3
R ate  x  105/mol d m _ 3 s _ lb
Catalyst
M n T P P
M n T M P
M n T D C P
with a ldehyde
44.0
5.7
1.53
w ithout a ldehyde
10.8
3.4
1.33
R atio  of rate 
constan ts
4.1
1.68
1.15
a [P h C H 2C H O ] 0.156 mol dm  ~3. F o r  reaction  conditions, see 
foo tno te  t .  b E s t im a ted  e r ro r  5 % .
for sterically hindered ones (M nTM P, M nTDCP).  With 
aldehyde the oxygen atom transfer from ( 1 ) to a substrate is 
accelerated which causes less dimer to be formed. As a 
consequence, the epoxidation rate increases and the order in 
catalyst changes from less than one to first order. U.v.-visible 
measurements support  this: without aldehyde the oxoman- 
ganese(v) species (Xmax. 422 nm) decomposes with a rate 
constant k x 3 x  10~4 s -1 . In the presence of 0.156 mol d m -3 of 
benzaldehyde the decomposition rate is accelerated to such an 
extent that we were unable to measure it (kx » 3  x 10~2 s_1).
How aldehydes facilitate the oxygen transfer from oxoman- 
ganese(v) porphyrins to alkenes is not clear yet. Low 
temperature  u.v.-visible experiments indicate that no inter­
mediate complex is formed between (1) and a ldehyde. lb The 
aldehyde could transfer a hydrogen atom to the oxygen atom 
of ( 1 ) to give a M n(iv)OH porphyrin complex .30 We think that 
such a mechanism is unlikely as o ther  hydrogen donating 
compounds (e.g. isopropylbenzene) were found to be unreac­
tive in the epoxidation reaction. Also, the observation that 
ketones accelerate the epoxidation reaction does not favour a 
hydrogen transfer mechanism.
We tentatively propose that species (1) rapidly reacts with
an aldehyde or a ketone to form a carbonyl oxide species (2 ) or 
a dioxirane (3). Compounds of type (3) are known to be 
effective epoxidizing agents .4
Recently a number of studies have appeared in which 
mechanistic conclusions are drawn from competitive experi­
ments with styrene and aliphatic alkenes. lh*2b’2c In view of the 
results presented here, a re-evaluation of these experiments 
may be required.
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A Pentuply-bridging Carbonyl Group: Crystal and Molecular Structure of a Salt of the 
1-Oxo-2-phenyl-1,2-dicarbadodecaborate(12) Anion, [LH]+[0(Ph)C2B1oH1o]“ (L = 1,8- 
/V^/V^/V'-tetramethylnaphthalenediamine)
David A. Brown,8 William Clegg,b Howard M. Colquhoun,c J. Anthony Daniels,0 Ian R. Stephenson,8 and 
Kenneth Wade*8
a Department o f  Chemistry, Durham University Science Laboratories, South Road, Durham DH1 3LE, U.K. 
b Department o f  Inorganic Chemistry, The University, Newcastle-upon-Tyne NE1 7RU, U.K. 
c I Cl Chemicals and Polymers Group, The Heath, Runcorn, Cheshire WA7 4QE, U.K.
Deprotonation of the C-hydroxy ortho-carborane 1 /2-HO(Ph)C2Bl oH1o by 1/8-/V,/V,/V;/V/-tetramethylnaphthalene- 
diamine gives a salt whose anion, [0 (P h)C 2B1oH1o]- / effectively consists of a nido-shaped [PhCB10H-io]-  residue 
capped by a pentuply-bridging carbonyl group whose C -0  distance of 1.245(3) A and position over the open 
carborane face, 2.001(3) A from the cage carbon atom, are readily rationalized by frontier orbital considerations.
Although the derivative chemistry of icosahedral carboranes 
C2B inH 12 is now extensive , 1—3 C-hydroxy species 
H O (R )C 2B 10H 10 (1) have received surprisingly little a t ten­
tion, and none has been structurally characterised. In one of 
the few reported  studies of such com pounds ,4 it was noted that 
they are acidic, though the potential interest of the anions
[O (R )C 2B 10H 10]_ (2 ) generated on deprotonation of ( 1 ) went 
unremarked. The delocalization of anionic charge into the 
carborane cage expected in (2 ) allows such anions to be 
regarded as nido-shaped residues [R C B 10H 10]_ stabilised by 
pentuply-bridging carbonyl groups (3), an environment con­
sistent with the cluster-forming potential of CO units as
